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 i 
ABSTRACT 
 
Modeling of the dispersion of radionuclides around a nuclear power station 
                                                    T S Dinoko 
 
A thesis submitted to the Department of Physics, in partial fulfillment of the 
requirements for the degree of Magister Scientiae. 
 
Nuclear reactors release small amounts of radioactivity during their normal 
operations. The most common method of calculating the dose to the public that results 
from such releases uses Gaussian Plume models. We are investigating these methods 
using CAP88-PC, a computer code developed for the Environmental Protection 
Agency (EPA) in the USA that calculates the concentration of radionuclides released 
from a stack using Pasquill stability classification. A buoyant or momentum driven 
part is also included. 
 
The uptake of the released radionuclide by plants, animals and humans, directly and 
indirectly, is then calculated to obtain the doses to the public. This method is well 
established but is known to suffer from many approximations and does not give 
answers that are accurate to be better than 50% in many cases. More accurate, though 
much more computer-intensive methods have been developed to calculate the 
movement of gases using fluid dynamic models. Such a model, using the code 
FLUENT can model complex terrains and will also be investigated in this work. 
 
This work is a preliminary study to compare the results of the traditional Gaussian 
plume model and a fluid dynamic model for a simplified case. The results indicate 
that Computational Fluid Dynamics calculations give qualitatively similar results with 
the possibility of including much more effects than the simple Gaussian plume model.
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 1 
CHAPTER 1 MOTIVATION AND BACKGROUND  
1.1 Introduction 
This thesis is an investigation of the spreading of radionuclides from a nuclear power 
station using a dispersion model and a fluid mechanical model. Environmental 
concerns have led to an increased interest in the modeling of radioactivity dispersion. 
Nuclear reactors release small amounts of radioactivity during their normal operation, 
so it is common practice to monitor radioactivity in the environment around a nuclear 
power station. The most common method of calculating radionuclides release use the 
Gaussian plume model [Mer97]. There have been many studies intended at 
establishing the dispersion of radionuclide concentration in air, especially around 
nuclear facilities [Cot04]. In this thesis, two methods will be investigated to model the 
dispersion, the usual Gaussian plume model and computational fluid dynamics model. 
Radioactive materials released to the atmosphere become diluted as they are carried 
by the wind, anywhere from the point of release. The degree of dilution and the 
magnitude of resultant air concentrations are predicted through the use of atmospheric 
dispersion models. These models predict downwind concentrations of released 
materials on the basis of wind speed, wind direction, and atmospheric stability during 
the release as well as release height, release duration and distance from the source 
[Hur70].  
Computer models for calculating gas dispersion within the atmosphere have been 
available for many years and are generally applicable over scales of up to about 50 km 
from a release point [Rid03]. One such model, the Clean Air Act Assessment 
package-1988 (CAP88-PC), a computer code developed for the Environmental 
Protection Agency (EPA) in the United States of America (USA), assumes a Gaussian 
dispersion and the structure of the atmospheric boundary layers. CAP88-PC has been 
validated against a wide range of data sets from different parts of USA. The validation 
has confirmed that, in particular over flat terrain, the predictions of the model are in 
reasonable agreement with the observation. However, the CAP88-PC model cannot 
assess the local effects of a complex of buildings on the flow field and turbulence, and 
whether pollutant will be drawn down amongst the buildings [Rid04]. The assumption 
is that pollutant plume is carried downwind from its emission point by the mean wind, 
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and that concentrations in the plume can be approximated by guessing that the highest 
concentrations occur in the middle of the plume [Tur94]. 
 
Commercial Computational Fluid Dynamics (CFD) software, such as FLUENT 
[Rid04], offers a method of modeling flow and dispersion around groups of buildings. 
CFD offers the flexibility to present complex geometries and predict the air flow with 
varying resolution. CFD simulations can provide detailed output of flow fields, 
turbulence levels and concentration fields generated around the buildings. Although 
these features are readily predicted with modern software, it is not easy to verify the 
results or to determine the level of resolution that is required. It is clear that CFD 
gives reasonable concentrations fields; however, there has currently not been 
sufficient validation for a reasonable estimate of the accuracy of such concentration to 
be made [Rid04].  
 
As a first step to compare the two approaches, in this study, investigations have been 
done on how FLUENT simulates the atmospheric boundary layer flow for unstable 
and neutral conditions. In addition, dispersion of a passive discharge from a 250 m 
high stack was simulated, and the results were compared with the dispersion model 
CAP88-PC results. There are scenarios under which CAP88-PC has been extensively 
validated against field data and it is known to perform well [Rid04]. 
Almost similar input parameters (height of the stack, diameter of the stack, wind 
speed, temperature etc.) were modeled for both CAP88-PC and CFD-FLUENT. 
CAP88-PC version 3.0 and CFD-FLUENT version 6.3.26 were used for the study on 
a dual core PC- see Table 1 for specifications. 
 
Table 1: Specifications of PC used for these simulations 
System: Microsoft Windows XP Professional 
 Version 2002   
 Service Pack 2   
     
Computer:    
 Intel ® Core ™ 2 CPU  
 2.13 GHz, 2.00 GB of RAM  
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1.2 Dispersion models 
Dispersion models are applied using computer programs that use mathematical 
algorithms to simulate how pollutants (radionuclides) in the ambient atmosphere 
disperse and, in some cases, how they react in the atmosphere. These models are 
composed of equations that duplicate the functional relationships within the real 
system when the program is run; the resulting mathematical dynamics form an analog 
of the behaviour of the real system, with the results presented in the form of data. A 
simulation can also take the form of a computer-graphics image that represents 
dynamic processes in an animated sequence [Bra03]. In this study the dispersion 
models are used to estimate or to predict the downwind concentration of air pollutants 
emitted from a nuclear power station. Such models are important to government 
agencies tasked with protecting and managing use of radioactive materials in the 
country [Tur94].  This has particular relevance for the authorization to operate 
industrial processes where ambient concentrations resulting from discharges need to 
be assessed for human health and ecological reasons. 
 
1.2.1 The advantages of using computer simulation in modeling are that it 
 
 Accounts for complex factors and relationships  
 Shows performance change over time dynamically  
 Allows experiments and answers “what-if” questions  
 Evaluates changes without disrupting the actual system  
 Stimulate ideas and promotes total system optimization  
 Provide cost-effective ways to develop and evaluate system designs 
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1.3 Radionuclide 
A radionuclide is an atom with an unstable nucleus, which is a nucleus characterized 
by excess energy which is available to a newly-created radiation particle within the 
nucleus. The radionuclide normally undergoes radioactive decay, and emits ionizing 
radiation. These may be beta, alpha or gamma radiation [Fai73].  
 
1.3.1 Dangers of radionuclides 
 
When radionuclides are released into the environment they can potentially cause 
harmful effects to humans since exposure to ionizing radiation is a cause of cancer 
[Lil05].  
1.4 Objective of study 
The main objective of this study was to use computer simulations to calculate the 
radionuclides concentration dispersed to the environment, after being carried 
downwind from the stack around a nuclear power station. Two models are used; 
CAP88-PC dispersion model that assumes a flat terrain and FLUENT fluid 
mechanical model that simulates complex terrain. The meteorological factors were 
taken into consideration to verify how they will affect the concentration. The effects 
of a complex of buildings on the flow field and turbulence, and whether pollutants 
will be drawn down amongst the buildings were also considered. 
 
1.5 Outline of study 
In this chapter, the aim of the thesis and background of computer simulation are 
explained. In Chapter 2 the historical background, mathematics and the governing 
equations of CAP88-PC and CFD will be discussed. The methodologies on how the 
simulations were carried out are outlined in Chapter 3. Chapter 4 outlines the results 
of CAP88-PC and CFD-FLUENT, and in Chapter 5 the results are compared and 
discussed. Finally the conclusion and outlook are presented in Chapter 6.    
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CHAPTER 2 BACKGROUND TO MODELS   
2.1 Computational simulation 
2.1.1 Brief history of computer simulation 
Computer simulation was developed with the fast growth of the computer and 
computational technologies, following its first large-scale use during the Manhattan 
project in World War II to model the process of nuclear explosion. Computer 
simulation is often used as an addition to or substitute for, modeling systems for 
which simple closed form analytic solutions are not possible. It was initially used as a 
supplement for other arguments, but their use has now become widespread [Bra03]. 
Simulation means driving a model of a system with appropriate inputs and observing 
the corresponding outputs [Bra03]. It is widely applied in engineering, in business and 
in physical science. Computer simulations are used to model the dynamic behaviours 
of objects or systems in response to conditions that cannot be easily or safely applied 
in the real world. It is especially useful in enabling observers to measure and predict 
how the functioning of an entire system may be affected by altering individual 
components within the system through the model. 
A simulation uses a mathematical description or model, of a real system in the form of 
a computer program. This model is composed of equations that duplicate the 
functional relationships within the real system when the program is run; the resulting 
mathematical dynamics form an analog of the behaviour of the real system, with the 
results presented in the form of data. A simulation can also take the form of a 
computer-graphics image that represents dynamic processes in an animated sequence 
[Bra03]. 
 
 
 
 
 
 
 
 
Background to models  
 6 
2.2 History of CAP88-PC 
 
CAP88-PC can trace its origin to the late 1970s when the U. S. Environmental 
Protection Agency (EPA) decided to regulate radionuclides under the authority of the 
Clean Air Act. EPA worked with Oak Ridge National Laboratory (ORNL) to develop 
appropriate computer models for calculating doses from radionuclides in air. The 
original program developed was called AIRDOS. This model was improved by the 
ORNL by adding the RADRISK (RADiation RISK) and DARTAB (for Dose And 
Risk TABulation) programs. The combined AIRDOS, RADRISK and DARTAB 
models are now referred to, collectively as CAP88-PC [Ros07]. 
 
2.2.1 Background of CAP88-PC 
 
On October 31, 1989 the Environmental Protection Agency (EPA) issued final rules 
for radionuclides emission to air under electronic Code for Federal Regulations 
chapter 61 (40 CFR 61), National Emission Standards for Hazardous Air Pollutants 
(NESHAPS). Emission monitoring and compliance procedures for Department of 
Energy (DOE) facilities (40 CFR 61.93 (a)) requires the use of CAP88-PC computer 
model, to calculate effective dose equivalents to members of the public [Ros07]. 
 
The CAP88-PC computer model is a set of computer programs, databases and  
associated utility programs for estimation of dose and risk from radionuclide 
emissions to air. CAP88-PC is composed of modified version of AIRDOS-EPA and 
DARTAB (ORNL5692). The original CAP88-PC model is written in FORTRAN77 
[Ros07]. 
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2.2.2 Purpose of CAP88-PC 
 
CAP88-PC Version 3.0 incorporates dose and risk factors from Federal Guidance 
Report (FGR 13, EPA 99) in place or RADRISK data that was used in the previous 
versions. The FGR 13 factors are based on the methods in Publication 72 of the 
International Commission on Radiological Protection (ICRP72). In addition CAP88-
PC databases, the user interface and input files were modified to accommodate the 
FGR 13 data formats and nomenclature [Ros07]. 
2.2.3 CAP88-PC Model Summary 
 
Clean Air Act Assessment package-1988 (CAP88-PC) uses a modified Gaussian 
equation to estimate the average dispersion of radionuclides [Ros07]. The plume rise 
can be calculated assuming either a momentum or buoyant driven plume. 
Assessments are done for circular grids down to ~ 80 kilometers from the emission 
point and sixteen (16) sector wind directions of 22.5 degrees each. The Gaussian 
plume model produces results that agree with experimental data as well as any model 
used up to now, is fairly easy to work with, and is consistent with the random nature 
of turbulence [Par97]. 
2.2.3.1 Gaussian Plume Model 
 
A widely used model for numerically describing the movement and dispersion of 
effluent from a stack is the Gaussian plume model [Jac05]. Figure 1 shows a 
simplified representation of a Gaussian Plume model, representing contaminants 
released from a stack. The model describes the downward movement as well as the 
vertical and horizontal dispersion of the released contaminants, and predicts 
contaminant concentrations on the ground and in the air. The figure represents 
Gaussian (normal) distributions in the vertical and crosswind directions. Near the 
point of release, the concentration is a maximum near the centerline and drops off 
rapidly toward the edges. Further downstream, the distribution of centerline spreads 
further from the centerline [Brig65].   
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Figure 1: Diagram of Gaussian air dispersion [Tur94]. 
 
The Gaussian plume model is concerned with the concentration of pollution 
downwind from the stack. Pollutants emitted from the stack mix with air and are 
carried downwind away from the stack [Ros07]. How far they are carried depends on 
a number of factors: 
 
 Wind speed (in meters per second) 
 Height of the stack (Real height and effective height, in meters) 
 Diameter of the stack opening (in meters) 
 Emission rate (the amount of gas coming out of the stack, in grams per 
second) 
 Gas exit velocity (the speed of the gas as it comes out of the stack, in meters 
per second) 
 Gas exit temperature (how hot the gases are, in degree Celsius) 
 Ambient temperature (temperature of the surrounding air, in degree  Celsius) 
 The atmospheric stability condition (a 1-6 measure of the meteorology of the 
surrounding air, from very unstable (1) to stable (6))    
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Concentration of radionuclides (in becquerel per cubic meter, or Bq/m
3
) can be 
calculated given the above data at various locations downwind from the stack, usually 
measuring from 0 kilometers (the base of the stack) down to many kilometers (~80 
kilometers in this study) from the stack [Ros07]. 
The Gaussian Plume model is represented by the following equation, which computes 
the atmospheric concentration chi (  ) at a given point (x, y, z) downwind from the 
released location [Bri65]. 
         
exp
2
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exp
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
     (2.1) 
where 
 (x, y, z; h) = concentration of gas at any x, y and z coordinate (in Bq /m 3 ) 
x                  = downwind distance from the source  
y                  = crosswind distance from x 
z                  = the height from the ground 
h                 = height of the plume centerline when it becomes level (in m) 
                = mean wind speed affecting the plume (in m/s) 
Q                = uniform emission rate of the pollutant (in Bq /s) 
y (x)             = standard deviation of plume concentration distribution in the horizontal 
direction (m) 
z (x)   = standard deviation of plume concentration distribution in the vertical                 
direction (m) 
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The Gaussian dispersion equation is given as four separate factors which are 
multiplied by each other. These four factors represent the dependency upon emissions, 
or the source factor, and what occurs in the three dimensions parallel to the three 
coordinate axes [Tur94]. 
 
),,,( hzyx = 
Emission factor                            Q 
Downwind factor                         1/μ 
Crosswind factor                          1/ {(2 ) 1/2 y } exp 


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

 
2
2
2 y
y

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These four factors represent that: 
1. The concentrations at the receptor are directly proportional to the emissions. 
2. Parallel to the x axis, the concentrations are inversely proportional to the wind 
speed. 
3. Parallel to the y axis, the concentrations are inversely proportional to the 
crosswind spreading, y , of the plume; the greater the downwind distance 
from the source, the greater the horizontal spreading, y , the lower the 
concentration. The exponential involving the ratio of y to y  just correct for 
how far off the center of the distribution the receptor is in terms of the 
standard deviations. The receptor is y from the center since the crosswind 
distribution center is at y = 0, that is, directly above the x axis [Tur94]. 
4. Parallel to the z axis, the concentrations are inversely proportional to the 
vertical spreading of the plume; z ; the greater the downwind distance from 
the source, the greater the vertical dispersion and the lower the concentration. 
The sum of the two exponential terms in the vertical factor represent how far 
the receptor height, z, is from the plume centerline in the vertical. 
 
 
 
 
  History of CAP88-PC 
 11 
 The first term represents the direct distance, h – z, of the receptor from the plume 
centerline. The second term represents the eddy reflected distance of the receptor from 
the plume centerline, which is the distance from the centerline to the ground, h, plus 
the distance back up to the receptor, z, after eddy reflection [Tur94] 
 
The shape of the concentration distributions are described in the Gaussian plume 
model by known dispersion coefficient parameters [Pas61]. Assuming that dispersion 
along the direction of the wind is small compared to transport by wind, the Gaussian 
plume model incorporates two dispersion coefficients, y  and z , that are standard 
deviations of the Gaussian distributions in the crosswind (horizontal) y   and vertical 
z  directions.  
Many systems have been used to estimate dispersion coefficients. Most of the systems 
have been based on atmospheric stability classes and the distance from the source. 
These atmospheric classes are linked to the three atmospheric stability conditions 
(stable, neutral and unstable) shown in Table 2. A commonly used system is the 
Pasquill-Gifford system [Pas61]. It uses a set of equations that approximate a 
corresponding set of empirically-determined curves. The curves provide y and 
z values as a function of the distance from a source for six stability classes.  
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Table 2: Pasquill stability classes [Pas61]. 
Stability class Definition 
A very unstable 
B unstable 
C slightly unstable 
D Neutral 
E slightly stable 
F Stable 
 
Table 3: Meteorological conditions that define the Pasquill stability classes 
[Pas61] 
Surface wind speed Daytime incoming solar radiation 
Nighttime cloud 
cover 
              
m/s mi/h Strong Moderate Slight > 50% < 50% 
< 2 < 5 A A – B B E F 
2 – 3 5 – 7 A – B B C E F 
3 – 5 7 – 11 B B – C C D E 
5 – 6 11 – 13 C C – D D D D 
> 6 > 13 C D D D D 
Note: Class D applies to heavily overcast skies, at any wind speed, day or 
night  
* Insolation is a measure of solar radiation energy received on a given surface area in 
a given time. It is commonly expressed as average irradiance in watts per square 
meter (W/m
2
) or kilowatt-hours per square meter per day {kW-h/ (m
2
.day)}. 
Notes: 
1. Strong Insolation corresponds to sunny midday in midsummer; slight 
insolation to similar conditions in midwinter. 
2. Night refers to the period from 1 hour before sunset to 1 hour after sunrise. 
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3. The neutral category D should also be used, regardless of wind speed, for 
overcast conditions during day or night and for any sky conditions during the 
hour preceding or following night as defined above. 
 
Table 4:  Pasquill category of dispersion coefficients for open-country conditions 
[Par97]. 
Pasquill 
category y  (m) z  (m) 
A 0.22x (1+0.0001x)
-1/2
 0.20x 
B 0.16x (1+0.0001x)
-1/2
 0.12x 
C 0.11x (1+0.0001x)
-1/2
 0.08x (1+0.0002x)
-1/2
 
D 0.08x (1+0.0001x)
-1/2
 0.06x (1+0.0015x)
-1/2
 
E 0.06x (1+0.0001x)
-1/2
 0.03x (1+0.0003x)
-1
 
F 0.04x (1+0.0001x)
-1/2
 0.016x (1+0.0003x)
-1
 
G 
calculated by subtracting half the difference between values for 
categories E and F from the value for category F. 
where: x = downwind distance 
The stability of the atmosphere depends on how large or small the temperature 
difference is between one air parcel and air surrounding it. Pasquill [Pas61] 
introduced a method of estimating the atmospheric stability, incorporating 
considerations of both mechanical and buoyant turbulence. The major features of this 
method are given in Table 3. The mechanical turbulence is considered by the 
inclusion of the surface (approximately 10-meters above ground) wind speed. The 
positive generation of buoyant turbulence is considered through the insolation 
(incoming solar radiation). The negative generation of buoyant turbulence is 
considered through the nighttime cloud cover. The less the cloud cover the greater the 
amount of heat that escapes from the surface through infrared radiation. High wind 
speeds or overcast cloudiness will produce neutral conditions, D class stability. 
Unstable conditions are divided into strongly unstable, A; moderately unstable, B; and 
slightly unstable, C. Stable conditions are slightly stable, E; and moderately stable, F. 
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The low wind speeds at night can be considered strongly stable, and sometimes are 
referred to as “G” [Pas61]. 
 Horizontal and vertical dispersion coefficients ( y and z ) used for the dispersion 
calculation and for depletion fraction determination are taken from recommendations 
by G. A. Briggs [Gif76]. The coefficients are different functions of the downwind 
distance x for each Pasquill stability category [Par97]. 
 
2.2.3.2 Plume Rise 
 
A combination of the momentum and buoyancy of a gas causes the gas to rise, which 
is referred to as Plume Rise and allows the air pollutants emitted in this gas stream to 
be lofted higher in the atmosphere [Bri70]. Final height of the plume, referred to as 
the effective stack height h is the sum of the physical stack height (hs) and the plume 
rise (∆h). Plume rise is calculated as the distance to the imaginary centerline of the 
plume (rather than to the upper or lower edge of the plume). Plume rise depends on 
the stack‟s physical characteristics and on the effluent‟s (stack gas) characteristics. 
 
The difference in temperature between the stack gas (Ts) and the ambient air (Ta) 
determines the plume density which affects the plume rise, while the velocity of the 
stack gases which is a function of the stack diameter and the volumetric flow rate of 
the exhaust gases determines the plume‟s momentum.  
 
Gases that are emitted from stacks are often pushed out by fans. As the turbulent 
exhaust gases exit the stack they mix with ambient air. This mixing of ambient air into 
the plume is called entrainment. As the plume entrains air into it, the plume diameter 
grows as it travels downwind. Often these gases are heated and are warmer than the 
outdoor air, in which cases the emitted gases are less dense than the outside air and 
are therefore buoyant [Tur94].   
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 The plume rise representing various stability classes is given by the following 
equations; 
CAP88 models Briggs buoyant plume rise for stability categories A, B, C and D 
[Par97]. 
                           
3/23/16.1 xf
h                                                         (2.2) 
Where 
h  = plume rise 
f   = HQ
5107.3   
HQ  = heat emission from stack gases, (in cal/s) 
x = downwind distances, (in m) 
  = wind speed, (in m/s) 
 
For stability categories E, F and G, stability parameter S is used in the equation 
once the plume is assumed to level off.     
                         
3/1)/(9.2 Sfh                                   (2.3)  
Where 
S  = )/)(/(  zTTg aa  
g  = the gravitational acceleration, (in m/s 2 ) 
Ta = the air temperature, (in K ) 
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zTa  / = vertical temperature gradient (in K/m) 
z = vertical distance above stack, (in m) 
= adiabatic lapse rate of atmosphere (0.0098 K/m) 
 
The value for the vertical temperature gradient, zTa  /  is positive for stable 
categories [Pa97], In CAP88-PC, zTa  /  values are: 
7.280E-02 K/m for Pasquill category E 
1.090E-01 K/m for Pasquill category F 
1.455E-01 K/m for Pasquill category G 
 
The plume rise does not play an important role in the calculations reported in this 
thesis, since the main effect of the plume rise is to change the effective height of the 
emission.  
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Figure 2: Flow chart for using Briggs equations to obtain the plume rise 
trajectory of bent-over plumes [Bey05]. 
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2.2.3.3 Typical plume behaviour modes 
The Gaussian dispersion equation (equation 2.1) was derived to predict the dispersion 
behaviour of the idealized conical plume shown in figure 4. However, all real world 
plumes do not behave in the idealized manner. The sketches below illustrate six types 
of plumes [Tur94]. 
2.2.3.3.1 Looping plume 
 
Figure 3: Looping plume 
This plume behaviour (see figure 3) usually occurs during unstable, super-adiabatic 
atmospheric conditions.  Such conditions are characterized by a high degree of 
vertical turbulence which causes the plume to fluctuate or loop in the vertical plane. A 
mean centerline through the looping plume might resemble the centerline of the 
idealized conical plume. Hence, the Gaussian dispersion equation might predict the 
mean behaviour of a looping plume, but would not predict the localized, high ground-
level concentration of plume components where the plume is brought to ground by its 
oscillation. 
Typically, the atmospheric conditions favorable to forming a looping plume will 
occur on warm days with clear skies with little wind [Tur94]. 
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2.2.3.3.2 Coning plume 
 
 
Figure 4: Coning plume 
This plume behaviour usually occurs during near neutral atmospheric conditions with 
ambient temperature gradients near to the dry adiabatic lapse rate. The generalized 
Gaussian dispersion equation is applicable to the predicting of the dispersion 
behaviour of coning plumes since the derivation of the generalized Gaussian equation 
is based upon an idealized coning plume. 
Typically, the atmospheric conditions favorable to forming a coning plume will occur 
on windy, cloudy days or windy nights [Tur94]. 
2.2.3.3.3 Fanning plume 
 
Figure 5: Fanning plume 
 
Fanning plumes (figure 5) occur when a plume is fixed within a surface inversion 
layer. The stable conditions within the inversion layer inhibit vertical turbulence, and 
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the plume exhibits very little expansion in the vertical plane. However, the plume fans 
out in the crosswind plane because z  is quite small relative to y . 
For a fanning plume fixed within a surface inversion, the generalized Gaussian 
dispersion equation is applied by using standard deviation values appropriate to the 
stable conditions within the inversion layer. However, that probably overstates the 
plume‟s ground level concentrations because the increased dispersion in the more 
turbulent layer above the inversion is not accounted for by using sigma values for the 
stable inversion layer. This is an example of dispersion during atmospheric conditions 
which are not homogeneous throughout the vertical dimension. 
The atmospheric conditions favorable to forming surface inversions will usually occur 
during nights with light winds and clear skies [Tur94].   
2.2.3.3.4 Lofting plume 
 
Figure 6: Lofting plume 
This plume behaviour shown in figure 6 occurs when the plume is above an inversion 
layer and downward dispersion is blocked by the stable inversion layer beneath the 
plume. If the downward dispersion is assumed to be reflected upward by the inversion 
layer, then the generalized Gaussian dispersion equation could be applied to lofting 
plumes by re-defining the vertical z-dimension coordinates. 
Typically, the atmospheric conditions favorable to forming a lofting plume are the 
same as for a fanning plume, since both the lofting and fanning plumes require the 
existence of a surface inversion [Tur94].   
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2.2.3.3.5 Trapped plume 
 
Figure 7: Trapped plume 
This plume behaviour occurs when the plume is below an inversion layer and thus 
upward dispersion is blocked by the inversion layer above the plume. Various 
methods have been suggested for modeling this plume behaviour [Tu94]. 
2.2.3.3.6 Fumigation plume 
 
Figure 8: Fumigation plume 
Fumigation plumes depicted in figure 8 occur when the plume, which was fixed 
within a surface inversion as a fanning plume, is broken up by rising turbulence when 
day-time heating of the ground breaks up the inversion. The fumigation results in high 
ground-level concentrations of short duration where the broken plume impinges upon 
the ground at various distances from the emission source. 
Typically, the atmospheric conditions favorable to forming fumigation occur on hot 
days with clear skies and light winds [Tur94]. 
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2.2.3.4 Assumptions in Gaussian Modeling 
 
To estimate pollutant concentrations using a Gaussian equation, several 
assumptions are made [Tur94]. 
 
 Continuous Emission 
The emissions of pollutant in mass (or activity) per time are taking place 
continuously and the rate of these emissions is not variable over time. 
 
 Conservation of mass 
During transport of pollutants from the source to the receptor, the mass that is 
emitted from the source is assumed to remain in the atmosphere. None of the 
material is removed through chemical reaction, gravitational settling, or 
turbulent impaction. It is assumed that any of the released pollutants that is 
dispersed close to the ground surface by turbulent eddies is again dispersed 
away from the ground surface by other subsequent turbulent eddies. This is 
called eddy reflection. 
 
 Steady-State Conditions 
The meteorological conditions are assumed to persist unchanged with time, at 
least over the time period of transport from the source to the receptor. It is 
very easy to satisfy this assumption for close by receptors under natural 
meteorological conditions. However, for light wind conditions or receptors at 
great distances, this assumption may not be satisfied. 
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 Crosswind and Vertical Concentration distributions 
It is assumed that the time averaged concentration profiles at any distance in the 
crosswind direction, horizontal (perpendicular to the path of transport) are well 
represented by a Gaussian.  Normal distribution and concentration profiles in the 
vertical direction (also perpendicular to the path of the transport) are also well 
represented by a Gaussian. 
 
2.2.3.5 CAP88-PC input data  
 
The input data required by the code includes the meteorological conditions such as 
annual average wind speed and direction, the amount of atmospheric turbulence 
(characterized by stability class), the ambient air temperature and the height to the 
bottom of any inversion layer that may be present. The code also requires 
population data since the dose to the population is also calculated, once the 
nuclide dispersion is known [Ros07]. 
Emission parameters such as location and height, source vent stack diameter and 
exit velocity, exit temperature and mass flow [Ros07] are also required. 
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2.2.3.6 Limitations of CAP88-PC 
 
Like all models, there are limitations in the Clean Air Act Assessment package-1988 
(CAP88-PC) system. 
 
While up to six stacks or point sources can be modeled, all the sources are modeled as 
if they are located at the same point; that is, stacks cannot be located in different areas 
of the facility [Ros07]. The same plume rise mechanism (buoyant or momentum) is 
used for each source. Furthermore, point sources are treated as uniform. Variation in 
radionuclide concentration due to complex terrain cannot be modeled [Ros07]. 
Errors arising from these assumptions will have a negligible effect for assessment 
where the distance to exposed individuals is large compared to the stack height, area 
or facility size [Ros07]. 
 
Clean Air Act Assessment Package-1988 does not account for seemingly random 
movement of particles suspended in the pollutant. 
CAP88-PC cannot be used for either short-term or high level radionuclide intakes 
[Ros07]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Computational Fluid Dynamics (CFD) 
 25 
2.3 Computational Fluid Dynamics (CFD) 
 
2.3.1 History of CFD 
The basis of any Computational Fluid Dynamics problem is the Navier-Stokes 
equations, which define any single-phase fluid flow. These equations can be 
simplified by removing terms describing viscosity to yield the Euler equations. 
Further simplification, by removing terms describing vorticity, yields the full potential 
equations. Finally, these equations can be linearized to yield the linearized potential 
equations [Ver95]. 
Commercial CFD codes have been used generally since the early 1980s. The use of 
commercial CFD software becomes accepted by companies around the world rather 
than the continued development of in- house CFD codes. CFD software is based on 
non-linear mathematical expressions that define the fundamental equations of fluid 
(liquid or gas) flow, heat and materials transport. The equations are solved iteratively 
using complex computer algorithms within the CFD software. The net effect of such 
software is to allow the user to computationally model any flow field provided the 
geometry of the object being modeled is known, the physics and chemistry are 
identified, and some initial flow conditions are prescribed. CFD software output can 
be viewed graphically in plots of velocity vectors, contours of pressure, lines of 
constant flow field properties, or as numerical data [Ver95].  
 
CFD is an important part of the aerodynamic and hydrodynamic design process for 
planes, trains, automobiles, rockets, ships, submarines [Ver95] to mention a few 
examples. 
Computational fluid dynamics (CFD) is the analysis of systems involving fluid flow, 
heat transfer and associated phenomena such as chemical reactions by means of 
computer-based simulation. All these phenomena run according to given rules 
[Ver95]. Then analysis of the flow can be determined by translating these rules into 
mathematical formulas and analyzing the formulas by computer simulation. The 
technique is very powerful and spans a wide range of industrial and non-industrial 
application areas. [Ver07] 
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The basis of the Computational fluid Dynamics problem is the Navier-Stokes 
equations, which are standard equations that describe the flow of continuum matter in 
fluid form. The equations describe the change with time of the density and velocity of 
the fluid. From density at constant temperature you can obtain pressure and the 
equations involve derivatives with respect to space and time of this velocity and 
density.  
 
The physical aspects of any fluid flow are governed by three fundamental principles; 
Conservation of momentum, conservation of mass and conservation of energy 
[Ver07]. 
FLUENT software solves the three dimensional Reynolds number for the flow, 
pressure, turbulence parameters and concentration distribution [Flu06]. The Reynolds 
stress terms are provided by one of a number of turbulence models [Rid04]. In this 
study, results using the k- epsilon and algebraic Reynolds stress turbulence models 
have been investigated. 
 
The numerical solution of these equations uses an irregular grid which follows the 
shape and orientation of the terrain. Second-order discretisation schemes were 
considered for the numerical solution to increase the accuracy and reduce numerical 
diffusion. 
 
All of CFD is based on the fundamental governing equations of classical fluid 
dynamics- the continuity, momentum and energy equations [And95].  
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These equations are the mathematical statements of the three fundamental physical 
principles on which all of fluid dynamics is based: 
 
 The mass of a fluid is conserved. 
  The rate of change of momentum equals the sum of the forces on a fluid 
particle (Newton‟s second law). 
  The rate of change of energy is equal to the sum of the rate of heat addition to 
and the rate of work done on a fluid particle (first law of thermodynamics) 
[Ver07]. 
The fluid will be regarded as a continuum. For the analysis of fluid flows at 
macroscopic length scale the molecular structure of matter and molecular 
motions may be ignored. The behaviour of fluid is described in terms of 
macroscopic properties, such as velocity, pressure, density and temperature, 
and their space and time derivatives [Ver95]. 
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2.3.2 Governing equations 
 
2.3.2.1 Conservation of Mass 
 
The continuity equation expresses conservation of mass in the fluid: 
 
                                         G
t




                                                         (2.4) 
 
where   is the fluid density and G

 is the mass flux vector. Equation (2.4) states that 
the rate of change of mass within an infinitesimal control volume in the fluid is equal 
to the net rate of convection of mass into the control volume across the control 
volume surface. It is assumed that there is no creation or destruction of mass [Jas92]. 
The mass flux vectorG

 is given by: 
 
                                          VG

                                                               (2.5) 
where V

is the flow velocity vector. 
Substituting equation (2.4) into equation (2.5) provides the working expression for 
conservation of mass: 
 
                                          )( V
t






                                                (2.6) 
 
where V

 is the vector velocity field of the fluid. 
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2.3.2.2 Conservation of Momentum 
 
Conservation of momentum in a fluid leads to the following expression in vector-
tensor notation [And95]: 
 
                                           i
n
i
i FVV
t
V 




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1
)(                  (2.7) 
 
where   is the fluid stress tensor and iF

 is the external force exerted upon species i 
per unit mass of the species i. The left hand side of equation (2.7) represents the rate 
of increase of fluid momentum in an infinitesimal control volume; the increase of 
momentum is either stored in the control volume (first term) or converted out of the 
control volume (second term). As Newton‟s second law demands, the rate of increase 
of momentum is equal to the net force on the control volume. The stress tensor term 
on the right hand side of equation (2.7) provides the net force on the surface of the 
control volume while the second term on the right hand side provides the net body 
force. Equation (2.7) represents three separate equations- one for each coordinate 
direction [Jas92]. 
 
The external body force, iF

, results from several phenomena. The most commonly 
encountered body force is gravity. Gravity acts equally on each species in a fluid 
mixture. Another body force, for example, may be caused by exposing the fluid to an 
electrostatic field. In this case, the body force exists for only those species which have 
a non–zero electrical charge. At present, only species- independent body forces are 
implemented. Also, the body force may be a function of time but not of position. 
Under the conditions mentioned above, the last term in equation (2.7) becomes: 
 
                               )(
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tFF
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ii
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 

                                                          (2.8) 
Stokes‟ laws of viscosity relate the stress tensor,   to the physical variables of 
pressure and velocity. The Navier-Stokes equations result when Stokes‟ laws of 
viscosity are substituted into equation (2.7). As an example, the x- direction Navier-
Stokes equation in Cartesian coordinates is shown below. 
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where   is the viscosity and u, v and w are velocity components. 
There are similar equations for the y and z direction in the Cartesian coordinate 
system as well as for the different coordinate directions in the cylindrical or spherical 
coordinate systems [Jas92]. 
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2.3.2.3 Conservation of Energy 
 
2.3.2.3.1 First law of thermodynamics 
 
The first law of thermodynamics says the change in internal energy of a system is 
equal to the heat added to the system minus the work done by the system [Jas92]. 
Application of the law of conservation of energy to an infinitesimal control volume 
leads to the following expression: 
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where: e = internal energy per unit volume 
            q

= heat conduction vector 
           H

= net enthalpy flux due to mass diffusion 
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where iJ

 is the diffusional mass flux vector of species i and hi is the enthalpy of 
species i. 
 
and 
Dt
D
 is the substantive derivative defined by 
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The right hand side of equation (2.10) represents the various ways in which energy 
can be transferred or produced in the control volume. The left- hand side represents 
what happens to this energy-it is either stored (the transient term) or removed from the 
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control volume by convection [Jas92]. The individual terms on the right-hand side 
represent the following effects. 
 
q

  = net rate of heat conduction to the control volume 
H

 = net rate of enthalpy arriving at the control volume due to species diffusion 
)( V

  = work done on the control volume by pressure 
i
n
i
i FV


1
 = net work done on the control volume by external forces 
)( V

  = net work done on the control volume by viscous stresses 
'''Q = volumetric heating 
 
It is usual to eliminate the “kinetic energy” per volume )
2
1
( VV

  from equation 
(2.10) by forming the dot product of V

 with the momentum equation (2.7) and 
subtracting the results from equation (2.10): 
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where:   V

 :  and p is the pressure                                                           (2.14) 
 


 is often called “viscous dissipation”. For practical applications, the energy equation 
is expressed in terms of enthalpy. This is done by using equation (2.6) to express 
Vp

 as follows: 
                          
Dt
Dp
Vp




                                                                        (2.15) 
Then, the definition of enthalpy, /peh  , and equation (2.15) are substituted into 
equation (2.13) to obtain the general form of the energy equation with enthalpy as the 
dependent variable: 
                     '''
1
QFV
Dt
Dp
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Dt
Dh
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n
i
i  


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                          (2.16)   
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The last four terms of equation (2.16) have only a small contribution. In this case, the 
energy equation simplifies to: 
                         





 

n
i
ii Jhq
Dt
Dh
1

                                                        (2.17) 
Equation (2.17) is the form of equation implemented in FLUENT. The last term is the 
contribution of the species fluxes.                              
2.3.2.4 Making the equations dimensionless 
 
In Fluid dynamics there are exactly four independent physical units: those of length, 
velocity, mass and temperature. They are denoted by L, U, M, and rT  respectively 
[Wes01]. From these all other units can be and should be derived in order to avoid the 
introduction of superfluous coefficients in the equations. For instance, the appropriate 
unit of time is UL / ; the unit for force F follows from Newton‟s law as LMU /2 . 
Often it is useful not to choose these units arbitrarily, but to derive them from the 
problem at hand, and to make the equations dimensionless. This leads to the 
identification of the dimensionless parameters that govern a flow problem [Wes01]. 
 
2.3.2.5 Reynolds number 
 
One of the most important numbers in fluid dynamics, the Reynolds number (Re) is 
the ratio of inertial forces to viscous forces. 
Let L  and U be typical length and velocity scales for a given flow problem, and take 
these as units of length and velocity. The unit of the mass is chosen as 3LM r  with 
r  a suitable value for the density, for example density of fluid at rest and   is the 
fluid viscosity [Wes01]. 
Then the Reynolds number Re is defined by 
  

 ULrRe        (2.18) 
The Reynolds number is used to determine whether a flow will be laminar, turbulent 
or transient. If Re is high (>2100), inertial forces dominate viscous forces and the 
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flow is turbulent; if Re number is low (<1100), viscous forces dominate and the flow 
is laminar and if 1100<Re<2100 then the flow is transient.   
 
 
2.3.3 How does a CFD code work? 
 
CFD codes are structured around the numerical algorithms that can tackle fluid flow 
problems; all CFD packages include user interfaces to input problem parameters and 
to examine the results. Hence it contains three main domain elements: (1) a pre-
processor, (2) a solver and (3) a post-processor [Ver95]. 
(1) Pre-processor 
Pre-processing consists of the input of a flow problem to a CFD program by 
means of an operator interface and the subsequent transformation of this input 
into a form suitable for use by the solver. The user activities at the pre-
processing stage involve; 
 Definition of the geometry of the region of interest. 
 Grid generation. 
 Selection of the physical and chemical phenomena that need to be modeled. 
 Definition of fluid properties. 
 Specification of appropriate boundary conditions at cells which touch the 
domain. 
(2) Solver 
The solver performs the following steps; 
 Approximation of the unknown flow variables by means of simple functions. 
 Discretisation by substitution of the approximations into the governing flow 
equations and subsequent mathematical manipulations. 
 Iteration of the solutions until a stable result is obtained. 
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(3) Post- Processor 
CFD systems are usually equipped with versatile data visualization tools. 
These include; 
 Vector plots, 
 2D and 3D surface plots, 
 Domain geometry and grid display and 
 Colour output. 
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CHAPTER 3 METHODOLOGY 
3.1 Radionuclides modeled in this study 
 
The radionuclides considered in this study were selected from a report given by a 
nuclear power station; the modeled radionuclides are some of the radionuclides that 
are released in relatively high concentrations from nuclear power stations. 
3.1.1 85Kr 
 
85
Kr is an inert radioactive noble gas with half life of 10.76 years. It is produced by 
the fission of uranium and plutonium, in nuclear reactors. 
85
Kr is released during the 
reloading of fuel rods from nuclear reactors. 
3.1.2 135Xe 
 
135
Xe is of considerable significance in the operation of nuclear fission reactors and 
has a half life of 9.14 h, and it has a huge cross section for thermal neutrons, 2.6x10
6 
barns. It acts as a neutron absorber that can slow down the chain reaction. Under 
unfavorable conditions, relatively high concentrations of radioactive 
135
Xe may be 
found originating from nuclear reactors due to the release of fission products from 
cracked fuel rods, or fissioning of uranium in cooling water. 
3.1.3 131I 
 
131
I is produced through nuclear fission; it has a half life of 8.0207 days and emits beta 
and gamma radiation. 
131
I can change directly from a solid into a gas, skipping the 
liquid phase, in a process called sublimation. 
131
I dissolves easily in water and readily 
combines with other elements and does not stay in pure form once released into the 
environment. 
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3.1.4 Tritium 
 
Tritium (
3
H) has a half life of 12.32 years. Tritium is one of the major long lived 
radioisotopes in the gaseous effluents from nuclear power plants. 
3
H is used in nuclear 
fusion reactions, and as a tracer in isotope geochemistry. Consequently, a small 
portion of tritiated water produced inside the containment building is discharged into 
the atmosphere in the form of tritiated water vapor (HTO) [Par97]. 
 
3.1.5 41Ar 
 
41
Ar has a half life of 109.34 minutes. It decays into 
41
K through beta decay. 
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3.2 Computational set-up 
3.2.1 CAP88-PC procedure 
 
The CAP88-PC calculation was loosely based on parameters appropriate for the 
Koeberg nuclear power station. 
A new dataset was created and input parameters including the physical address of the 
site in the Facility Data option were entered. In the Run Option the population data 
file (Appendix B. 1.1) was created using the map of the Western Cape (Appendix B. 
1). In the Met Data option a custom wind file 03822.WND (Appendix B. 2) was 
selected and the site information in section 3.3.1.1 was entered. However, the wind 
file was edited to model a simple case for comparison to the FLUENT 
calculation. The wind was specified to blow in one direction with stability classes 
B and D. The source information in 3.2.1.2 was entered in the Source Data option and 
a buoyant plume was used. In the Nuclide Data option modeled radionuclides (section 
3.1) were selected. 
The data were saved, compiled and the results shown and discussed in chapter 4 and 
chapter 5 were collected.   
3.2.1.1 Site information 
 
Average temperature: 11 degrees C (284.16 K) 
Precipitation: 52 cm/y 
Humidity:       7.0 g/ m
3 
Mixing height: 1000 m 
3.2.1.2 Source information 
 
Source number: 1 
Stack height (m): 250.00 
Stack diameter (m): 40.00  
Heat emission causing plume rise buoyancy (cal/s): 1.00 
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3.2.1.3 Additional weather information 
 
          Lid Height:   1000 meters           
         Surface Roughness Length:  0.010 meters              
         Height Of Wind Measurements:   10.0 meters 
         Average Wind Speed:  4.06887 m/s 
          Vertical Temperature Gradients: 
o STABILITY E     0.073 K/m 
o STABILITY F     0.109 K/m 
o STABILITY G     0.146 K/m 
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3.2.2 Applying CFD using FLUENT 
 
3.2.2.1 Grid generation 
 
The grid generation process deals with the division of the physical situation into small 
control volumes on which the discretised governing equations will be solved. 
Geometry and Mesh Building Intelligent Toolkit (GAMBIT) is FLUENT‟s geometry 
and mesh generation software. GAMBIT's single interface for geometry creation and 
meshing brings together most of FLUENT's preprocessing technologies in one 
environment. Advanced tools for journaling allows one to edit and conveniently 
replay model building sessions for parametric studies. 
GAMBIT was used to create a geometry model and to construct the computational 
domain. A simple brick (rectangular) three-dimensional structure was chosen. The 
layout used was that of a large domain with velocity inlet, pressure outlet, ground, 
buildings, and cylindrical stack while the remaining sides of the domain are treated as 
walls. 
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3.2.2.2 Boundary conditions 
 
The numerical solution precision depends strongly on the accuracy of the boundary 
conditions and on the way that these conditions are integrated within the numerical 
model. Therefore this issue represents a crucial feature of the numerical model. 
Solution of the conservation equations described in section 2.3.2 requires that 
boundary conditions for the solution variables-fluid velocities, temperature and 
volume fractions of the fluid mixtures be specified on the boundaries of the solution 
domain. Boundaries types of particular relevance for dispersion simulations are: 
1. Inlet 
2. Outlet 
3. Wall interface 
(1) Inlet 
An inlet boundary is used to introduce the wind and radionuclides into the solution 
domain. The following values of solution parameters for the inlet were provided 
  velocity components in the x coordinate direction 
 gas pressure 
 temperature 
 volume fraction of each phase mixture 
(2) Outlet 
The fluid mixture leaves the solution domain at outlet boundaries. A precise 
specification of the solution parameters at an outlet is impossible since there are other 
factors within the solution domain that affect the flow. Therefore the outlet boundary 
condition is not theoretically correct and it is important to properly choose the 
location of the outlet in the solution domain. The outlet should be a region of small 
gradient in the solution variables or located sufficiently downstream from regions of 
principal interest in the solution domain. 
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(3) Wall interface 
The walls were initialized as symmetries, because they are not directly related to the 
work done in this simulation. 
 
 Note: Geometries created in GAMBIT are divided into faces (e.g. the main 
domain is a rectangular structure therefore it is divided into six faces the wind 
inlet, outlet, ground and walls.) 
Table 5: Boundary conditions set in GAMBIT. 
NAME TYPE FACE 
Wind inlet velocity-inlet face3 
Smoke (top of the stack) velocity-inlet face9 
Pressure outlet pressure-outlet faces 4 and 6 
Ground-level wall face1 
Stack wall face8 
Building_1 wall Faces 11,12,13,14 and 15 
Building_2 wall Faces 17,18,19,20 and 21 
Building_3 wall Faces 23,24,25,26 and 27 
Building_4 wall Faces 29,30,31,32 and 33 
Building_5 wall Faces 35,36,37,38 and 39 
Sides of the domain (walls) wall Faces  2 and 5 
 The geometries were meshed using size function with the following parameters: 
 Start size: 0.05 
 Growth rate : 1.1     
The faces were meshed with spacing (interval size) of 10 m and the main domain was 
meshed with spacing of 70 m and with elements: tetrahedron/hybrid and the type of 
the mesh used were fixed. The meshed domain (Figure 9) was exported to FLUENT. 
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Figure 9: Meshed geometry in GAMBIT. 
 
FLUENT 3D was selected as the CFD solver in which the mesh file was opened and 
read.  
The grid check was performed to check list the minimum and maximum x and y 
values from the grid, in the default SI unit meters and report on a number of other grid 
features that are checked. Any errors in the grid would be reported at this time. In 
particular, it has to be made sure that the minimum volume is not negative since 
FLUENT cannot begin to calculate if this is the case. Below is the report of the grid 
from FLUENT. 
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Grid 
Check      
      
 Domain Extents:     
   x-coordinate: min (m) = 0.000000e+000, max (m) = 4.500000e+003 
   y-coordinate: min (m) = 0.000000e+000, max (m) = 2.500000e+003 
   z-coordinate: min (m) = 0.000000e+000, max (m) = 1.500000e+003 
 Volume statistics:     
   minimum volume (m3): 5.061364e+000   
   maximum volume (m3): 1.385195e+006   
     total volume (m3): 1.686471e+010    
 Face area statistics:     
   minimum face area (m2): 1.159170e+000   
   maximum face area (m2): 1.386625e+004   
 Checking number of nodes per cell.    
 Checking number of faces per cell.    
 Checking thread pointers.    
 Checking number of cells per face.    
 Checking face cells.     
 Checking bridge faces.     
 Checking right-handed cells.    
 Checking face handedness.    
 Checking face node order.    
 Checking element type consistency.    
 Checking boundary types:    
 Checking face pairs.     
 Checking periodic boundaries.    
 Checking node count.     
 Checking nosolve cell count.    
 Checking nosolve face count.    
 Checking face children.     
 Checking cell children.     
 Checking storage.     
Done.      
 
 
 
 
 
 
 
 
 
 
  Computational set-up 
 45 
 
Using equation (2.18) the Reynolds number was found to be about 10
6
. This value 
indicates that the flow is turbulent; therefore a turbulent model was used.  
 The multiphase model was chosen and the viscous model along with standard wall 
functions was defined as Realizable k-epsilon which is one of the most common 
turbulence models. It is a two equation model, which means, it includes two extra 
transport equations to represent the turbulent properties of the flow. This is a two way 
equation model to account for effects like convection and diffusion of turbulent 
energy. The first transported variable is turbulent kinetic energy k . The second 
transported variable in this case is the turbulent dissipation . It is the variable that 
determines the scale of turbulence, whereas the first variable determines the energy in 
the turbulence.  
The materials selected were Air, 
41
Ar, 
85m
Kr, 
3
H, 
131
I and 
135
Xe. The boundary 
conditions were such that pressure was at (101325 Pa), with inlet velocity read from 
the wind profile (Table 15 in Appendix A.1), operating temperature set to 300 K, 
operating density set  to 1.1766  kg/m
3
 and radionuclides set to have exit velocity of 
4m/s. The direction of flow was normal to the inlet boundary. The solution was 
initialized from wind (velocity inlet) and about 15000 iterations for model without 
buildings and 30000 iterations for a model that includes five buildings in the domain 
were performed.  
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Figure 10: Geometry created in GAMBIT with specified boundary conditions. 
 
In the figure above it is noted that two faces were declared as pressure outlets instead 
of the upper face being declared as a wall, this was done to ease the pressure inside 
the domain and to simplify the simulation. 
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CHAPTER 4 RESULTS 
4.1 Introduction 
This chapter presents the results of CAP88-PC and FLUENT, and a discussion of the 
results. Two simulations were conducted in CAP88-PC for two different stability 
classes (neutral and unstable stability classes) and in FLUENT two simulations were 
conducted also, for the domain without buildings and for the domain in which 
buildings were included. The FLUENT simulations were performed for neutral 
atmospheric conditions only. CAP88-PC, since it is a radiological assessment tool kit; 
includes quantities such as the effective dose equivalent, decay chain activities and 
concentration of modeled radionuclides in the output results and for completeness 
these quantities are included and outlined in this chapter. In FLUENT only the 
concentration of modeled radionuclides is displayed. For this work concentration of 
modeled radionuclides is compared between the CAP88-PC and FLUENT models for 
the neutral condition only. The results and the possible reasons for the differences and 
similarities between these results are then discussed.  
 
4.2 CAP88-PC results 
In CAP88-PC an artificial wind file was created from the original wind file to 
simplify comparisons to FLUENT. This step was taken to mimic the wind file used in 
FLUENT because in FLUENT the wind was set to blow in one direction only, so 
similar conditions were set in the artificial wind file for CAP88-PC. The same wind 
file was used for neutral and unstable conditions and only the Pasquill‟s stability 
classes were changed to model the above mentioned conditions.  
 The population file in CAP88-PC was changed as well, since normally the maximum 
distance that pollutants can travel in CAP88-PC is 80 km and CAP88-PC handles this 
setup very well. However in this study the maximum distance was set to be ~ 6.5 km, 
again the change was made because the domain created in GAMBIT is 4500 m (4.5 
km) long. CAP88-PC has a limited number of distances that it can simulate. In this 
investigation simulation was performed for 13 distances, which implies that only 12 
or 13 data points can be extracted from the output results in CAP88-PC.  
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CAP88-PC has a very fixed setup which makes it slightly problematic to model the 
artificial conditions that need to be imposed to compare to the CFD calculation. The 
wind file was changed to limit the calculation to a constant wind speed in only one 
direction, but small (0.001) values had to be included for other wind directions to 
avoid numerical (overflow) problems. 
 
The CAP88-PC results below were collected after the code ran for about 2 minutes for 
each stability class.  
 
Table 6 displays the input data of annual emission rate of radionuclides from a nuclear 
power station that was used in our model calculation. For completeness all the results 
from CAP88-PC are given below. Only the radionuclide concentrations will be 
compared to the FLUENT results. 
 
 
 Table 6: Radionuclide Emission during the year 2008 
Nuclide Type 
Source (Bq/y) for stability classes  
B and D with (Ci/y) in brackets 
Ar-41 G 4.1x10
10
  (1.1) 
H-3 V 7.8x10
12
 (210) 
Kr-85m G 1.4x10
9
 (3.9x10
-02
) 
I-131 F 2.8x10
8
 (7.6x10
-03
) 
Xe-135 G 2.3x10
10
 (0.62) 
  
where: G = gas 
             V = vapour 
             F = fluid 
 
 
 
 
 
 
 
  CAP88-PC results 
 49 
4.2.1 Effective dose equivalence 
 
The effective dose equivalent is the primary radiation protection quantity linked to the 
risks resulting from radiation exposure. The annual effective dose equivalent from 
dispersed radionuclides calculated by CAP88-PC is displayed in Table 7. These 
values are very small compared to the limit of 1 mSv that members of the public are 
allowed to receive from artificial exposure per year. Because of the simplicity of the 
model and the conservative assumptions used in CAP88-PC, the EPA claims that the 
effective dose equivalent estimations are good within a factor of two, normally over-
predicting effective doses for most situations [EPA92]. Because of these short-
comings of the model, effective doses may be significantly overestimated by the 
CAP88-PC model. Table 7 indicates the location, direction and the effective dose 
equivalent predicted by CAP88-PC. 
 
Table 7: Maximum effective dose equivalent predicted by CAP88-PC 
North north west (NNW) direction 
Pasquill stability 
class 
Distance 
(m) 
Effective Dose Equivalent 
(mSv/year) 
B 1750 3.35x10
-05
 
D 15000 3.81x10
-06
 
 
Table 8 shows the effective dose of the overall health detriments of different 
radionuclides in a given mix for selected individuals. 
 
Table 8: Nuclide effective dose equivalent summary at 1750 m for stability class 
B and 15000 m for stability class D 
Selected individual (mSv/y) 
Nuclide Stability class B Stability class D 
H-3 3.02x10
-05
 3.49x10
-06
 
Ar-41 1.87x10
-06
 1.18x10
-07
 
I-131 1.41x10
-06
 1.35x10
-07
 
Xe-135 5.41x10
-08
 5.23x10
-09
 
Kr-85m 7.58x10
-09
 7.33x10
-10
 
  
 
  
TOTAL 3.35x10
-05
 3.75x10
-06
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Table 9 shows the rate at which radioactive decays are occurring in a given sample of 
modeled radionuclides after a period of 500 s and 100 years.        
          
Table 9: Decay chain activities 
Nuclide 
Activity after 500 
seconds (Bq) 
Activity after 100 years 
(Bq) 
Ar-41 3.8x10
10
 1.2x10
4
 
H-3 8.0x10
12
 2.7x10
12
 
Kr-85m 1.4x10
9
 9.6x10
4
 
I-131 2.8x10
8 
8.5x10
6
 
Xe-135 2.3 x 10
10
 1.2x10
7
 
 
 
 
4.2.2 Values for radionuclide-independent parameters 
 
The following assumptions are used in CAP88-PC 
 
  Human inhalation rate 
       Cubic centimeters/hr                               9.17x10
5
 
 
 
  Soil parameters 
       Effective surface density (kg/sq m, dry weight) 
       (Assumes 15 cm plow layer)                         215 
 
 
  Buildup times 
       For activity in soil (years)                       100 
       For radionuclides deposited on ground/water (days) 365 
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4.2.3 Effect of wind speed on plume rise  
Equation 2.2 and 2.3 „reveal that at any downwind distance x, the plume rise for wind 
speed of 2 m/s is twice the plume rise for the wind speed of 4 m/s‟ as shown in Table 
10 [Bey05]. 
Table 10: Data for calculated plume rise using equation 2.1 and equation 2.3. 
downwind distance       
(km) 
Plume rise (m) at 
 = 2 m/s 
Plume rise (m) at 
 = 4 m/s 
10 0.103 0.0561 
20 0.163 0.0890 
30 0.213 0.117 
40 0.258 0.141 
50 0.300 0.164 
60 0.339 0.185 
70 0.376 0.206 
80 0.410 0.224 
90 0.444 0.243 
100 0.476 0.260 
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Figure 11: The graph shows that with minimum wind speed the plume will rise 
higher and with higher wind speed a stack downwash is more likely. 
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4.2.4 Concentration of radionuclides predicted by CAP88-PC  
 
Tables 20-24 in Appendix C.1 displays output results of radionuclide concentrations 
predicted by CAP88-PC for neutral and unstable conditions. Figures 12-16 show the 
radionuclide concentration as a function of distance from the stack at ground level. 
Note that different x-axes scales were used for the two stability classes. The distance 
for stability class D had to be increased because maximum concentration occurs after 
7000 m. As noted in the figures displayed, for the same stability class the plots have a 
similar pattern and minimum and maximum concentrations are at the same location. 
The values for these radionuclides for each simulation are almost the same except for 
normalization due to different emission rate from the nuclear power station and 
difference in half life which explains why values of some radionuclides are lower. 
In figures displayed below it is noted that for unstable atmospheric condition 
maximum concentration is at about ~1500 m, for neutral atmospheric condition 
maximum concentration is at about 15000 m. This indicates that the atmospheric 
conditions strongly influence where the maximum concentration will occur, whether 
near or far from the stack. Radionuclides like 
3
H and 
41
Ar have higher concentration 
values compared to other radionuclides, but this is due to high emission rate of these 
radionuclides compared to other radionuclides from the power station. 
In stability D simulation, the position where the maximum concentration occurred is 
almost 10 times further from the stack than the position where maximum 
concentration of stability class B occurred. The maximum concentration values are 
much less for stability class D, as expected from the geometrical effect. 
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Figure 12 (a-b): Concentration of 
3
H simulated with CAP88-PC along the x-axis 
at ground level for neutral and unstable conditions. Note the different x-axes 
scales. 
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Figure 13 (a-b): Concentration of 
41
Ar simulated with CAP88-PC along the x-
axis at ground level for neutral and unstable conditions. Note the different x-axes 
scales. 
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 Figure 14 (a-b): Concentration of 
131
I simulated with CAP88-PC along the x-axis 
at ground level for neutral and unstable conditions. Note the different x-axes 
scales. 
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 Figure 15 (a-b): Concentration of 
135
Xe simulated with CAP88-PC along the x-
axis at ground level for neutral and unstable conditions. Note the different x-axes 
scales. 
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 Figure 16 (a-b): Concentration of 
85m
Kr simulated with CAP88-PC along the x-
axis at ground level for neutral and unstable conditions. Note the different x-axes 
scales. 
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4.3 FLUENT results 
4.3.1 Introduction 
 
This section presents data collected from FLUENT output. Two simulations were 
carried out in FLUENT for the domain without buildings and for the domain in which 
buildings are included. The results will give an indication of what influence or impact 
buildings have on the concentration of the dispersed radionuclides. Tables and figures 
of the analyzed data are presented in this section. 
 
By default all variables were monitored and checked by FLUENT as a means to 
determine the convergence of the solution. The number of iterations required for 
convergence varies according to the platform used. In this study the solution 
converged after 26000 iterations as indicated in the residual history plot in Figure 17. 
 
 
 
 
 
Figure17: Residual history for the first 26000 iterations. The parameters 
represent the fundamental parameters that govern the equations of classical 
fluid dynamics, namely continuity and energy, fluid velocities, turbulence model 
parameters (k and  ) and volume fraction (vf) of the modeled radionuclides. 
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4.3.2 Pathlines 
 
The pathlines on the horizontal and vertical plane are shown in Figure 18 and Figure 
19 respectively. These are the lines traveled by buoyant radionuclide particles in 
equilibrium with the fluid motion; pathlines are an excellent tool for visualization of 
complex three-dimensional flows. In this case pathlines were used to examine the 
flow and dispersion of radionuclides around and between the buildings from the stack. 
 
 
Figure 18: Pathlines coloured by particle Id (mixture) showing the flow from the 
stack to 4500 m. 
 
 
Figure 19: Pathlines indicating movement of radionuclides between the 
buildings. 
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4.3.3 Concentration of radionuclides predicted by FLUENT 
 
 
Tables 25-26 in Appendix C.2 display collected data of radionuclide concentration 
from FLUENT. A plane was constructed in the grid (domain) from the stack to the 
end of the domain in the direction of the wind and on the same plane a rake, which is 
the same as a line with predetermined number of data points was created 0.001 m 
above the ground to find sensible data to construct the graphs shown in Figures 21-25.  
The displayed concentration graphs shown in Figures 21-25 are those recorded on the 
rake and not of the entire domain. 
 
 
Figure 20 displays the scale of the modeled area and the position of the stack and 
buildings in this area from the origin. This figure will show the area where maximum 
concentration occurred in conjunction with Figures 21-25. 
 
 
 
Figure 20: Scale of the area simulated with FLUENT, showing the position of the 
stack and buildings.  
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Figure 21: Concentration of 
3
H as a function of position simulated with 
FLUENT. 
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Figure 22: Concentration of 
41
Ar as a function of position simulated with 
FLUENT. 
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Figure 23: Concentration of 
131
I as a function of position simulated with 
FLUENT. 
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Figure 24: Concentration of 
135
Xe as a function of position simulated with 
FLUENT.  The concentration of 
135
Xe on the simulation with buildings was too 
low to register. 
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Figure 25: Concentration of 
85m
Kr as a function of position simulated with 
FLUENT.  The concentration of 
85m
Kr on the simulation with buildings was too 
low to register. 
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4.3.4 Concentration of radionuclides in the entire domain 
 
The results in Table 11 demonstrate traces of some radionuclides in the whole domain 
and on the surfaces of each structure inside it. Lines 15 to19 (in Figure 26) show 
traces and tracks of radionuclides towards these buildings. In the table below it is 
noted that building_3 recorded 0.00 (no radionuclides detected on this building). The 
reason is that this building is far from the stack and it is not aligned with the direction 
of the wind (see Figure 26). The net concentration is the average radionuclide 
concentration left in the entire domain.   
 
Table 11: The area-weighted average concentration (Bq/m
3
) calculated in 
FLUENT; see Figure 26 for an explanation of some of the features.  
Features 
41
Ar 
131
I 
85m
Kr 
3
H 
135
Xe 
building_1 1.05E-19 3.39E-17 0.00E+00 8.79E-13 0.00E+00 
building_2 4.83E-40 9.02E-22 0.00E+00 2.06E-12 0.00E+00 
building_3 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
building_5 2.51E-19 3.98E-16 0.00E+00 1.14E-12 0.00E+00 
Ground-level 1.25E-21 2.08E-18 0.00E+00 3.05E-14 0.00E+00 
line-15 1.03E+05 1.81E+04 7.11E+01 3.14E+06 9.34E+00 
line-16 8.56E+04 1.51E+04 5.94E+01 2.66E+06 7.79E+00 
line-17 1.07E+04 1.88E+03 7.41E+00 3.21E+05 9.73E-01 
line-18 1.29E+05 2.27E+04 8.93E+01 4.00E+06 1.17E+01 
line-19 4.79E+04 8.44E+03 3.32E+01 1.49E+06 4.36E+00 
building_4 6.23E-40 5.12E-19 0.00E+00 4.88E-12 0.00E+00 
Pressure outlet 9.38E-01 1.65E-01 6.51E-04 2.91E+01 8.55E-05 
Top of the stack 1.00E+08 1.77E+07 6.95E+04 3.14E+09 9.12E+03 
The whole stack 3.96E+03 6.97E+02 2.75E+00 1.24E+05 3.60E-01 
Sides of the domain 
(walls) 7.16E-04 1.26E-04 4.97E-07 2.22E-02 6.53E-08 
wind inlet 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Net 4.20E-01 7.40E-02 2.92E-04 1.31E+01 3.83E-05 
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 Figure 26 shows five lines (15-19) that were constructed in the grid towards building 
1-5 labeled (i-v) as indicated in the figure, to check and display any traces of 
radionuclide concentration on these buildings. The average radionuclide concentration 
on the surface of these buildings is displayed in Table 11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26: Lines (15-19) to trace radionuclides in the direction of the buildings 1-
5 indicated as (i-v). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results  
 68 
4.4 Comparison between CAP88-PC and FLUENT results 
 
This section will indicate the difference and similarities of the calculations using the 
two models studied and consider the concentration of radionuclides dispersed from 
the nuclear power station. The findings are outlined below. 
 
Two different models CAP88-PC and FLUENT were used to study and model the 
dispersion of radionuclides from a nuclear power station. CAP88-PC can only model 
a flat terrain and this model is known to suffer from limiting assumptions and 
limitations. It is recognized that the simplicity of the physics upon which CAP88-PC 
is based may lead to predictions of radionuclides dispersion with large uncertainties. 
CAP88-PC has been widely used in atmospheric physics studies as a radiological tool 
kit and it has been verified and validated to handle this simple physics very well under 
the simplistic assumptions. CAP88-PC is user friendly and it would normally take 
only a few minutes to run after the input files have been set. 
 
FLUENT can model both flat terrain and complex terrain in which buildings and other 
structures are included near and around the release point. This model uses a number of 
equations which take long to solve even on fast computers. For this reason boundary 
conditions were set in GAMBIT and FLUENT to simplify the simulation. A simpler 
k-   model was used even though the prediction of Turbulence Kinetic Energy (TKE) 
using the k-  model turbulence is known to suffer from limitations [Rid04]. It is clear 
from our calculations that FLUENT gives reasonable results; however, there has 
currently not been sufficient validation for a reasonable estimation of the accuracy of 
such calculations for different weather conditions. 
 
The same materials (radionuclides) were modeled in CAP88-PC and FLUENT. 
CAP88-PC treats these radionuclides as neutrally buoyant or mass-less particles, but 
FLUENT treats this situation differently. In FLUENT a heavier gas will fall faster 
than a lighter gas, since the body force is calculated from the density, which is 
calculated from the molecular weight of the radionuclides modeled. 
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4.4.1 Dispersion coefficients 
 
The horizontal and vertical dispersion coefficients ( Y  and z ) are the standard 
deviation of the Gaussian distribution functions used in CAP88-PC. They are used in 
describing how a plume disperses, and they increase with time and distance traveled. 
Sigma y ( Y ) is generally larger than sigma z ( z ) since there are no stratification 
obstacles in the horizontal direction. The sigma y and sigma z characterize the 
broadness or sharpness of the normal distribution of radionuclides within the plume, 
as both sigmas decrease the concentration values of radionuclides at the plume 
centerline as the distance from the stack increases. However the total amount of 
radionuclides in the plume remains the same. 
 
 Tables 12-13, and Figures 27-28 show the horizontal and vertical dispersion 
coefficient predicted by CAP88-PC. Figure 29 shows planes of plume dispersion in 
the y direction predicted by FLUENT. The values and the diagrams indicate that, as 
you move further away from the release point (stack) the horizontal dispersion 
increases, in qualitative agreement with CAP88-PC. However, the dispersion is much 
more complex than in the simple CAP88-PC calculation. 
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Table 12: Sigma y calculated for stability classes B and D using Pasquill’s 
equations in CAP88-PC. 
Distance (m) Y  for stability class B (m) Y  for stability class D (m) 
250 39.52 19.76 
750 115.68 57.84 
1250 188.6 94.3 
1750 258.16 129.08 
2250 325.08 162.54 
2750 389.84 194.92 
3250 451.88 225.94 
3750 511.8 255.9 
4250 569.84 284.92 
4750 625.48 312.74 
5250 679.56 339.78 
5750 733.24 366.62 
6250 784 392 
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Figure 27: Sigma y values as a function of the distance from the stack. 
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Table 13: Sigma z calculated for stability classes B and D using Pasquill’s 
equations in CAP88-PC. 
Distance (m) z  for Stability class B (m) z for Stability class D (m) 
250 30 12.795 
750 90 30.87 
1250 150 44.175 
1750 210 55.125 
2250 270 64.53 
2750 330 72.93 
3250 390 80.34 
3750 450 87.3 
4250 510 93.84 
4750 570 100.035 
5250 630 105.84 
5750 690 111.09 
6250 750 116.25 
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Figure 28: Sigma z as a function of the distance from the stack. 
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 (a) 
 (b) 
 (c) 
 
Figure 29: FLUENT planes: (a) at x = 750m, (b) at x = 1250m and (c) at x = 
1750m, indicating the increase in the y direction of the plume as you move 
further away from the stack. 
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Table 14 illustrates the dispersed radionuclide concentration for CAP88-PC and 
FLUENT simulations. Two set of results for each model is displayed in the table 
below. The results displayed in the table below indicate that CAP88-PC gives larger 
values of  the concentration of dispersed radionuclides in the environment, by looking 
at the results of “stability class D” in CAP88-PC and the results of “no buildings” in 
FLUENT. The FLUENT calculations gives a maximum value further away from the 
stack than for stability class B (neutral) which we expected to be closest to the 
FLUENT assumptions. The maximum FLUENT concentrations are lower than the 
CAP88-PC values, but this is partly because they occur at larger distances. Buildings 
nearby and within the vicinity of the nuclear power station will change the airflow in 
such a way that the maximum concentration is reduced along the centreline at ground 
level. Results in Table 11 support this statement.  
 
 
Table 14: Comparison between CAP88-PC and FLUENT results  
Maximum concentration (Bq/m
3
) at various locations away from the stack on the ground along the centreline. 
  CAP88-PC FLUENT 
Radionuclide Stability class B Stability class D no buildings buildings included 
H-3 1.99x10
-01
 ( 1750 m) 1.92x10
-02
 ( 15000 m) 5.95x10
-04
 ( 2511 m) 1.57x10
-12
 ( 2511m) 
Ar-41 9.66x10
-04
 ( 1750 m) 9.32x10
-05
 (15000 m) 1.90x10
-05
 ( 2511 m) 4.79x10
-20
 ( 2279 m) 
I-131 5.11x10
-06
 ( 1750 m) 4.26x10
-07
 ( 15000 m) 3.34x10
-06
 ( 2511 m) 6.86x10
-17
 ( 2974 m) 
Xe-135 1.55x10
-04
 ( 1750 m) 1.49x10
-05
 ( 15000 m) 1.73x10
-09 
( 2511 m) Below detection 
Kr-85m 3.50x10
-05
 ( 1750 m) 3.38x10
-06
 ( 15000 m) 2.55x10
-08
 ( 2511 m) Below detection 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion  
 74 
CHAPTER 5 DISCUSSION 
5.1 Discussion 
Calculations of the radionuclide dispersion of the routine atmospheric discharges are 
often made using the simple Gaussian plume atmospheric dispersion model such as 
CAP88-PC. It is recognized that the simplicity of the physics in this model, may lead 
to the predictions of radionuclide dispersion with large uncertainties.  
In real situations, where a Gaussian model is not considered sufficiently accurate, 
more physically realistic models can be used, in our case the Computational Fluid 
Dynamics (CFD) code, FLUENT. Since a model like FLUENT is realistic for short–
term studies, it may also be assumed to be reliable for predicting average 
concentrations for radionuclide releases over a year. In order to study whether the 
Gaussian dispersion model calculates the dispersion of radionuclides from a nuclear 
power station accurately, the results of CAP88-PC are compared to those simulated 
with FLUENT.   
It is important in this work to mention that one of the problematic aspects about this 
study is; we are comparing two models that incorporate two very different models. 
CAP88-PC uses a simplistic model on a flat terrain where there are no buildings and 
FLUENT models a flat and complex terrain where buildings are included in the model 
using a sophisticated fluid dynamic model. For more accurate comparison two 
separate simulations were carried out in FLUENT, one simulation calculating 
dispersion in a flat terrain and another model calculating the dispersion in a complex 
terrain with buildings. The two methods were then compared to a flat terrain 
calculation done in CAP88-PC. This will give an indication whether buildings and 
high turbulence that occur between the stack and the buildings, affect the dispersion 
of radionuclides.  
The results obtained from CAP88-PC and FLUENT for the modeling of atmospheric 
dispersion in the surrounding area of the nuclear power station represent two very 
different ways of calculating this dispersion.  The plume model (CAP88-PC) 
represents the traditional approach which has been approved as a reasonable 
approximation but with well known limitations.  The approach has the advantage that 
there is extensive experience in including meteorological information in the code.  
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Computational Fluid Dynamics (CFD) promises to provide a more accurate 
description, but requires much more computer power.  
  
The results for the radionuclide concentrations displayed by CAP88-PC are in general 
higher than results displayed by FLUENT. There are several factors that influence this 
including; 
 In CAP88-PC the transport or movement of radionuclides is not influenced by 
pressure, whereas in FLUENT pressure (ideal gas law) affects the kinetic 
energy of modeled radionuclides as indicated in Figures 30 and 31. 
 
 
Figure 30: Contours of static pressure (Pa), for a complex terrain 
environment 
         
 
Figure 31: Contours of static pressure (Pa), for a simple terrain environment. 
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 The k- model does not handle the transport and diffusion of heavy gases in the 
atmosphere well, while in CAP88-PC this is not the case because of 
assumptions made, and 
 Different input parameters used in both models. 
 
The difference in prediction of the dispersed radionuclide concentrations between 
CAP88-PC and FLUENT models can be explained readily by the differences in the 
way dispersion is represented in the two models.  
The implementation of the input data and boundary conditions set in FLUENT are 
more realistic than in CAP88-PC, and as such the results from this model may be 
considered more realistic. However, given that CAP88-PC is much simpler and faster 
to use, and appears to overestimate rather than underestimate concentration of the 
dispersed radionuclides, its use for radiological assessments appears appropriate. 
 
Three types of parameters determine behaviour and gas flow from a source. They are:  
the stack‟s characteristics (mainly, its diameter), meteorological conditions and 
chemical properties of the emitted substance. In CAP88-PC dispersed radionuclides 
concentration results are dependent on the emission rate of radionuclides from a 
nuclear power station and does not take into consideration the molecular weight of 
modeled species, whereas FLUENT treats this situation differently. A heavier gas will 
fall faster than a lighter gas, since the body force is calculated from the density, which 
is calculated from the molecular weight of species modeled.       
 
CFD- FLUENT results show that features like buildings, distance between the 
buildings and the stack affects the results and will affect the way in which 
radionuclides will be carried downwind.   
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Despite the unrealistic assumptions that were made to simplify the running of 
FLUENT, there is a clear indication that it gives qualitatively similar results to 
CAP88-PC simulations and will be able to predict much more realistic results where 
the terrain and features such as buildings are included.  More work should to be done 
to investigate the inclusion of weather information to make the results realistic.  
CAP88-PC does include the weather data, but in a very phenomenological way by 
dividing the weather data into categories A-G as discussed in Chapter 2. 
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CHAPTER 6 SUMMARY AND FUTURE WORK 
6.1 Summary and Conclusions 
This work is a preliminary study to evaluate the atmospheric dispersion of 
radionuclide concentration from a typical nuclear power station, such as the Koeberg 
power station in Western Cape, South Africa, by the use of the Computational Fluid 
Dynamics (CFD) model FLUENT and Gaussian plume model CAP88-PC. A classical 
Gaussian plume model was used to describe the atmospheric dispersion of 
radionuclides in CAP88-PC. Such a model can easily be used in an operational 
context because it is not time consuming. A model based on Computational Fluid 
Dynamics is, in principle, more precise and can include many features not present in 
plume models, but requires much more computer time to run and needs a lot of 
information to model the boundary conditions properly.  
 
In general, CAP88-PC over predicts downwind concentration compared to FLUENT. 
These predictions are acceptable considering the non-uniformity of the terrain.  
 
The results indicate that CAP88-PC overestimates concentration of dispersed 
radionuclides compared to FLUENT for neutral atmospheric conditions. The 
FLUENT results have confirmed that structures near the power station will greatly 
affect concentration of dispersed radionuclides. Concentrations were extracted from 
the model on the surface of the building walls and traces of radionuclides were found 
from these surfaces and on the ground (Table 11) near these buildings. This shows 
that not all radionuclide concentration will be carried downwind as predicted by 
CAP88-PC; a certain amount of radionuclides will be stuck on the buildings and 
structures near and around the power station depending on the atmospheric 
conditions. 
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In conclusion CAP88-PC and FLUENT results at this stage complement each other, 
based on the type of environment each model is simulating.  These are two completely 
different models and each model requires its own different input. A lot of work needs 
to be done to verify and validate the FLUENT results for complicated weather 
conditions.  
 
 
6.2 Future work 
 
This thesis used a CFD calculation for a very simplified situation. More detailed 
investigations are needed to consider more realistic terrains and weather parameters to 
be confident of using CFD as an alternative to Gaussian plume models. 
 
Most articles and professionals in atmospheric physics recommend the use of Large 
Eddie Simulation (LES), another solver in FLUENT. This solver has been proven and 
validated to handle this kind of a simulation very well.  Unfortunately for this study 
this model could not be used because LES requires much more computer time and 
CPU power, usually provided by parallel computing (e.g. a Linux environment with 
many computer nodes).   
 
Quality meshes should be generated to optimize the accuracy of the results calculated 
in FLUENT. The mesh used in this project had EquiSize skew (indication of the 
quality of the mesh) of 0.782007; which can be brought down to a much smaller 
value. The use of second discretization in order to maximize accuracy of the output 
would also be good. Standard wall functions need to be properly set in the boundary 
conditions because the walls play an important role in fluid flow inside the domain.  
The setup of FLUENT for atmospheric radionuclides dispersion requires 
consideration of the grid resolution, surface roughness, inlet and outlet conditions.  
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APPENDIX A 
A.1 Log wind profile 
 
The “Log wind profile” is a semi empirical relationship used to describe the vertical 
distribution of the horizontal wind speeds above the ground within the atmospheric 
surface layer to create a realistic wind profile at the entrance boundary. 
The algorithms within the FLUENT code are based on wind speeds at specific 
heights. The height at which meteorological data have been obtained may or may not 
correspond to heights appropriate for the use in FLUENT. Consequently, a set of 
algorithms is provided within FLUENT to adjust wind speeds from the height of 
measurement to the height required- see Panofsky and Dutton [Stu89]. In this model, 
wind speed is a function of height above the ground, surface roughness, the 
characteristic turbulence velocity and a characteristic length associated with the 
atmospheric boundary layer. 
 
The general form of the wind profile model in this work is: 
 
U (z) = Kr In (z/z0) Ur 
where 
U (z) = wind speed at height z (m/s) 
Kr = von Karman‟s constant (~0.41) 
z = height above the ground (m) 
z0 = surface roughness (cm) 
Ur = characteristic velocity (m/s) 
 
The parameters were chosen appropriate for an approximate correspondence to the 
CAP-88 calculation. 
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Table15: FLUENT wind profile used. 
Z  (m) Ur   (m/s) 
0.3 0 
100 2.7 
200 3.1 
300 3.3 
400 3.4 
500 3.5 
600 3.6 
700 3.7 
800 3.7 
900 3.8 
1000 3.8 
1100 3.9 
1200 3.9 
1300 4.0 
1400 4.0 
1500 4.1 
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Figure 32: Graph of wind speed at height z. 
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Figure 33 and Figure 34 displays in colours from high to low, the magnitudes of wind 
velocity in the domain for simulation with buildings and simulation without buildings 
respectively. 
 
 
 
Figure 33: Contours of velocity magnitude (m/s), complex terrain. 
 
 
 
Figure 34: Contours of velocity magnitude (m/s), flat terrain. 
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A. 1.1 Isosurface 
 
An isosurface is a three-dimensional analog of an isocontour.  It is a surface that 
represents points of a constant value (e.g. pressure, temperature, velocity, density) 
within a volume of space; in other words, it is a level set of a continuous function 
whose domain is 3D-space. 
 
The isosurface (blue cloud) in Figure 35 was created to show the distribution of 
modeled radionuclide concentration inside the domain. The white patches in the 
diagram below are empty spaces (the area that radionuclides did not cover). 
 
 
 
 
 
 
Figure 35: Iso-surface 
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A.1. 2 Plume rise 
 
Stack downwash Figure 36 occurs when the plume is pulled into the wake of the 
stack. When this occurs, plume rise may be diminished, or in some cases, the effluent 
may be trapped in the wake of the stack and any nearby buildings, which may result in 
high ground-level concentrations immediately downwind of the facility. When stack 
exit velocity is a minimum, plume rise becomes higher (Figure 37) and ground 
deposition becomes very low. 
 
 
Figure 36: Stack downwash 
 
 
Figure 37: Plume dispersion 
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APPENDIX B  
B. 1 Map used to create the population file used in CAP88-PC.  
 
 
Figure 38: Map of the Western Cape, South Africa. 
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B. 1.1 Population file  
 
The population data file below was created using data on the map in Appendix B.1 
 
Table 16: Population data file 
Distance (m) 
Direction 150 500 850 1200 1650 2000 2300 
N 1 10 21 31 42 52 867 
NNW 1 10 21 31 42 52 46 
NW 1 0 0 10 0 12 12 
WNW 0 0 0 0 0 0 0 
W 0 0 0 0 0 0 0 
WSW 0 0 0 0 0 0 0 
SW 0 0 0 0 0 0 0 
SSW 1 0 0 0 0 7 163 
S 1 0 995 462 30 136 31 
SSE 5 1816 2085 326 197 1123 11309 
SE 5 925 101 31 83 180 584 
ESE 6 73 153 43 70 154 165 
E 5 38 112 31 54 89 111 
ENE 6 14 21 50 133 223 247 
NE 5 11 21 34 5152 746 195 
NNE 2 10 23 34 15718 33615 4082 
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Population data file continued 
    
Distance (m) 
Direction 2700 3050 3400 3800 4150 4400 
N 419 60 62 62 74 814 
NNW 50 120 50 50 54 100 
NW 0 0 0 0 0 0 
WNW 0 0 0 0 0 0 
W 0 0 0 0 0 0 
WSW 0 0 0 0 0 0 
SW 0 0 0 0 0 0 
SSW 9 0 0 0 0 0 
S 0 0 0 11210 50400 27643 
SSE 25102 10956 28404 46027 78878 104226 
SE 267 312 753 14483 38402 53017 
ESE 197 234 301 722 5195 630 
E 133 160 335 994 461 286 
ENE 166 401 1187 163 319 401 
NE 923 1485 298 261 1769 1286 
NNE 3225 58 62 77 85 95 
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B.2 Wind file 
Wind file used in CAP88-PC.  This was altered from a realistic wind file for 
Koeberg Nuclear Powers station to create a simplified case for easy comparison to 
the CFD results, mainly because we did not want to perform FLUENT 
calculations for all the different wind speeds and directions.  
3.6000 
0.00100.96800.00100.00100.00100.00100.00100.00100.00100.00100.00100.00100.00100.00100.00100.0010 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 2.54 3.32 2.97 2.02 1.56 1.60 1.39 1.94 2.28 2.30 3.14 2.12 3.05 1.84 1.98 3.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 2.87 4.25 3.62 2.35 1.81 1.92 1.73 2.58 2.73 3.20 3.88 2.81 3.37 1.99 2.50 3.14 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
    0.0000    0.0000    0.0000    1.0000    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    1.0001    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    0.9999    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    0.9999    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    1.0001    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    1.0000    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    1.0001    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    1.0000    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    1.0000    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    1.0000    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    0.9999    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    1.0000    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    0.9999    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    0.9999    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    0.9999    0.0000    0.0000    0.0000 
    0.0000    0.0000    0.0000    1.0000    0.0000    0.0000    0.0000 
 
Where the columns give: 
1 - Average wind speed (in m/s) 
2 - Wind direction frequency totals for each of the 16 wind directions. The numbers 
on this column should sum to 1.0000 within a tolerance of .0005 for rounding. 
3 through 9 - each column has 16 reciprocal-averaged wind speeds, for each of the 7 
stability categories. 
10 through 16 - each column has 16 true-averaged wind speeds, for each of the 7 
stability categories. 
17 through 32 - each column has frequencies for 7 stability categories, for each of the 
16 wind directions. The numbers on this column should sum to 1.0000 within a 
tolerance of .0005 for rounding. 
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B.2.1 Wind speeds 
  
Below are tables of Harmonic average wind speed, arithmetic wind speed and 
frequencies of stability classes respectively, used in CAP88-PC. The tables represent 
the wind profile displayed in B.2.  Again the values have been adapted to represent 
our simplified model. 
Table 17: Harmonic average wind speed (wind towards) 
Pasquill stability class 
Dir A B C D E F G Freq 
N 0 0 0 2.54 0 0 0 0.001 
NNW 0 0 0 3.32 0 0 0 0.986 
NW 0 0 0 2.97 0 0 0 0.001 
WNW 0 0 0 2.02 0 0 0 0.001 
W 0 0 0 1.56 0 0 0 0.001 
WSW 0 0 0 1.6 0 0 0 0.001 
SW 0 0 0 1.39 0 0 0 0.001 
SSW 0 0 0 1.94 0 0 0 0.001 
S 0 0 0 2.28 0 0 0 0.001 
SSE 0 0 0 2.3 0 0 0 0.001 
SE 0 0 0 3.14 0 0 0 0.001 
ESE 0 0 0 2.12 0 0 0 0.001 
E 0 0 0 3.05 0 0 0 0.001 
ENE 0 0 0 1.84 0 0 0 0.001 
NE 0 0 0 1.98 0 0 0 0.001 
NNE 0 0 0 3 0 0 0 0.001 
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Table 18: Arithmetic wind speeds.  
Pasquill stability class 
Dir A B C D E F G 
N 0 0 0 2.87 0 0 0 
NNW 0 0 0 4.25 0 0 0 
NW 0 0 0 3.62 0 0 0 
WNW 0 0 0 2.35 0 0 0 
W 0 0 0 1.81 0 0 0 
WSW 0 0 0 1.92 0 0 0 
SW 0 0 0 1.73 0 0 0 
SSW 0 0 0 2.58 0 0 0 
S 0 0 0 2.73 0 0 0 
SSE 0 0 0 3.2 0 0 0 
SE 0 0 0 3.88 0 0 0 
ESE 0 0 0 2.81 0 0 0 
E 0 0 0 3.37 0 0 0 
ENE 0 0 0 1.99 0 0 0 
NE 0 0 0 2.5 0 0 0 
NNE 0 0 0 3.14 0 0 0 
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Table 19: Frequencies of stability classes (wind towards). 
Pasquill stability class 
Dir A B C D E F G 
N 0 0 0 1 0 0 0 
NNW 0 0 0 1.0001 0 0 0 
NW 0 0 0 0.9999 0 0 0 
WNW 0 0 0 0.9999 0 0 0 
W 0 0 0 1.0001 0 0 0 
WSW 0 0 0 1 0 0 0 
SW 0 0 0 1.0001 0 0 0 
SSW 0 0 0 1 0 0 0 
S 0 0 0 1 0 0 0 
SSE 0 0 0 1 0 0 0 
SE 0 0 0 0.9999 0 0 0 
ESE 0 0 0 1 0 0 0 
E 0 0 0 0.9999 0 0 0 
ENE 0 0 0 0.9999 0 0 0 
NE 0 0 0 0.9999 0 0 0 
NNE 0 0 0 1 0 0 0 
        
TOTAL 0 0 0 1.0011 0 0 0 
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B.3 Copy of gaseous effluent 
The data below was extracted from the nuclear power station‟s Radiological 
Environmental Surveillance report and indicates the actual release quantities for a 
specific year. 
 
Figure 39: Gas effluents 
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APPENDIX C 
C.1 CAP88-PC ground level concentration 
Table 20: 
3
H concentration at various locations for stability classes B and D 
modeled with CAP88-PC. 
Distance (m) 
Conc. of  
3
H 
(Bq/m
3
), stability 
class B Distance (m) 
Conc. of  
3
H 
(Bq/m
3
), stability  
class D 
250 1.26E-14 250 0.00E+00 
750 4.48E-02 750 1.32E-17 
1250 1.95E-01 1500 6.99E-07 
1750 1.99E-01 2500 4.77E-04 
2250 1.60E-01 3500 3.38E-03 
2750 1.24E-01 4500 7.29E-03 
3250 9.62E-02 7500 1.66E-02 
3750 7.62E-02 15000 1.92E-02 
4250 6.14E-02 25000 1.41E-02 
4750 5.03E-02 35000 1.03E-02 
5250 4.18E-02 45000 7.81E-03 
5750 3.54E-02 55000 6.14E-03 
6250 3.03E-02 70000 4.55E-03 
 
Table 21: 
41
Ar concentration at various locations for stability classes B and D 
modeled with CAP88-PC. 
Distance (m) 
Conc. of  
41
Ar 
(Bq/m
3
), stability 
class B Distance (m) 
 
Conc. of  
41
Ar 
(Bq/m
3
), stability 
class D 
250 6.14E-17 250 
 
0.00E+00 
750 2.18E-04 750 
 
6.44E-20 
1250 9.51E-04 1500 
 
3.39E-09 
 1750 9.66E-04 2500 
 
2.32E-06 
2250 7.77E-04 3500 
 
1.64E-05 
2750 5.99E-04 4500 
 
3.54E-05 
3250 4.66E-04 7500 
 
8.07E-05 
3750 3.70E-04 15000 
 
9.32E-05 
4250 2.98E-04 25000 
 
6.85E-05 
4750 2.45E-04 35000 
 
5.00E-05 
5250 2.04E-04 45000 
 
3.81E-05 
5750 1.72E-04 55000 
 
2.99E-05 
6250 1.47E-04 70000 
 
2.21E-05 
 
 
 
 
 
Appendix c  
 94 
Table 22: 
131
I concentration at various locations for stability classes B and D 
modeled with CAP88-PC. 
Distance (m) 
Conc. of  
131
I 
(Bq/m
3
),stability 
class B Distance (m) 
 
Conc. of  
131
I 
(Bq/m
3
), stability 
class D 
250 3.29E-19 250 
 
0.00E+00 
750 1.17E-06 750 
 
3.44E-22 
1250 5.07E-06 1500 
 
1.81E-11 
1750 5.11E-06 2500 
 
1.24E-08 
2250 4.03E-06 3500 
 
8.70E-08 
2750 3.10E-06 4500 
 
1.87E-07 
3250 2.39E-06 7500 
 
4.18E-07 
3750 1.87E-06 15000 
 
4.26E-07 
4250 1.49E-06 25000 
 
2.55E-07 
4750 1.21E-06 35000 
 
1.55E-07 
5250 1.01E-06 45000 
 
9.55E-08 
5750 8.44E-07 55000 
 
5.85E-08 
6250 7.14E-07 70000 
 
3.15E-08 
 
Table 23: 
135
Xe concentration at various locations for stability classes B and D 
modeled with CAP88-PC. 
Distance (m) 
Conc. of  
135
Xe 
(Bq/m
3
), stability 
class B Distance (m) 
 
Conc. of  
131
Xe 
(Bq/m
3
), stability 
class D 
250 9.84E-18 250 
 
0.00E+00 
750 3.49E-05 750 
 
1.03E-20 
1250 1.52E-04 1500 
 
5.44E-10 
1750 1.55E-04 2500 
 
3.70E-07 
2250 1.24E-04 3500 
 
2.63E-06 
2750 9.62E-05 4500 
 
5.66E-06 
3250 7.47E-05 7500 
 
1.29E-05 
3750 5.92E-05 15000 
 
1.49E-05 
4250 4.77E-05 25000 
 
1.10E-05 
4750 3.92E-05 35000 
 
8.03E-06 
5250 3.26E-05 45000 
 
6.07E-06 
5750 2.76E-05 55000 
 
4.81E-06 
6250 2.36E-05 70000 
 
3.54E-06 
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Table 24: 
85m
Kr concentration at various locations for stability classes B and 
modeled with CAP88-PC. 
Distance (m) 
Conc. of  
85m
Kr 
(Bq/m
3
), stability 
class B Distance (m) 
 
Conc. of  
85m
Kr 
(Bq/m
3
), stability  
class D 
250 2.22E-18 250 
 
0.00E+00 
750 7.88E-06 750 
 
2.33E-21 
1250 3.44E-05 1500 
 
1.23E-10 
1750 3.50E-05 2500 
 
8.40E-08 
2250 2.81E-05 3500 
 
5.96E-07 
2750 2.18E-05 4500 
 
1.28E-06 
3250 1.69E-05 7500 
 
2.92E-06 
3750 1.34E-05 15000 
 
3.38E-06 
4250 1.08E-05 25000 
 
2.48E-06 
4750 8.84E-06 35000 
 
1.81E-06 
5250 7.36E-06 45000 
 
1.38E-06 
5750 6.25E-06 55000 
 
1.08E-06 
6250 5.33E-06 70000 
 
7.99E-07 
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C.2 FLUENT Ground level concentration 
Table 25: Concentration of modeled radionuclides as a function of distance for a 
complex terrain simulation with FLUENT. 
Distance 
(m) 
Conc. of 
3
H 
(Bq/m
3
) 
Conc. of 
131
I 
(Bq/m
3
) 
Conc. of 
85m
Kr 
(Bq/m
3
) 
Conc. of 
135
Xe 
(Bq/m
3
) 
Conc. of 
41
Ar 
(Bq/m
3
) 
100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
331.579 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
563.158 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
794.737 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
1026.32 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
1257.89 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
1489.47 2.40E-25 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
1721.05 1.10E-13 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
1952.63 9.49E-13 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
2184.21 7.39E-13 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
2415.79 3.59E-13 2.00E-18 0.00E+00 0.00E+00 3.92E-21 
2647.37 7.32E-13 1.36E-17 0.00E+00 0.00E+00 2.34E-20 
2878.95 9.13E-13 7.99E-18 0.00E+00 0.00E+00 4.79E-20 
3110.53 1.57E-12 6.62E-20 0.00E+00 0.00E+00 1.05E-22 
3342.11 5.75E-13 9.11E-19 0.00E+00 0.00E+00 3.09E-21 
3573.68 1.03E-13 6.86E-17 0.00E+00 0.00E+00 4.52E-26 
3805.26 4.81E-15 1.11E-18 0.00E+00 0.00E+00 0.00E+00 
4036.84 6.67E-16 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
4268.42 2.24E-16 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
4500 3.50E-14 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
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Table 26: Concentration of modeled radionuclides as a function of distance for a 
flat terrain simulation with FLUENT. 
Distance 
(m) 
Conc. of 
3
H 
(Bq/m
3
) 
Conc. of 
131
I 
(Bq/m
3
) 
Conc. of 
85m
Kr 
(Bq/m
3
) 
Conc. of 
135
Xe 
(Bq/m
3
) 
Conc. of 
41
Ar 
(Bq/m
3
) 
100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
331.579 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
563.158 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
794.737 9.72E-34 5.46E-36 5.70E-38 2.82E-39 3.10E-35 
1026.32 5.07E-18 2.85E-20 2.60E-22 1.47E-23 1.62E-19 
1257.89 5.60E-12 3.15E-14 3.18E-16 1.63E-17 1.79E-13 
1489.47 2.18E-09 1.23E-11 1.24E-13 6.34E-15 6.97E-11 
1721.05 1.85E-07 1.04E-09 1.06E-11 5.37E-13 5.90E-09 
1952.63 2.48E-05 1.39E-07 1.42E-09 7.21E-11 7.92E-07 
2184.21 1.04E-04 5.86E-07 6.00E-09 3.03E-10 3.33E-06 
2415.79 2.38E-04 1.34E-06 1.35E-08 6.90E-10 7.59E-06 
2647.37 3.62E-04 2.04E-06 1.91E-08 1.05E-09 1.16E-05 
2878.95 5.66E-04 3.18E-06 2.66E-08 1.64E-09 1.81E-05 
3110.53 5.95E-04 3.34E-06 2.55E-08 1.73E-09 1.90E-05 
3342.11 3.27E-04 1.84E-06 1.30E-08 9.49E-10 1.04E-05 
3573.68 1.04E-04 5.86E-07 3.99E-09 3.03E-10 3.33E-06 
3805.26 8.36E-06 4.70E-08 3.12E-10 2.43E-11 2.67E-07 
4036.84 2.13E-07 1.19E-09 7.81E-12 6.18E-13 6.79E-09 
4268.42 1.99E-09 1.12E-11 7.26E-14 5.79E-15 6.36E-11 
4500 7.49E-12 4.21E-14 2.72E-16 2.18E-17 2.39E-13 
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